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A etatio tost on a particular air-cooled turbine 
blade model was conducted at the Univorsity of Minnesota 
in July, 1051. The blado nodol utilized oooling air which 
was ducted into the blade near the loading edge, thonce 
into horizontal, or chordwiso, grooves between tha blade 
and o thin metal slcovo attached to lands on the blade. 
Cooling air was discharged at the trailing odge of the 
blace, where an opening was provided in the sleevo. 

Mach nunberc in the flow around tho tost blade 
wore from .4 to .5 with tests being made at gas tempera- 
tures at about BOO 0 F., 1000° F., 1200° F., and 1420° F. 

Tho following conclusions woro reached: 

o 

1. At gas temperatures of about 1420 P., a 

temperature roduotion of G30° F. w«6 experionoed near the 
trailing odge, and a reduction of 000° F. was found nour 
tho loading odge, for a cooling air flow rate comparable 
to 1.G7/I of combustion air. 

2. The blado configuration tested possessed 
excellent cooling characteristics and showed an eoor.ory of 
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ooolinp air U80 conparod to available data on other cooling 
configurations. 

3. Creator temperature roductior.s vrero found 
at high gas temperatures than at lor gas tenporaturea , with 
constant rato of oooling air flow. The rate of increase 
of tonporaturo reduction with gas tenperaturo incroase ap- 
peared to bo linear over tho rango tosted. 
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IhTRoLUCTIO” 

Tho brood problem in the field of gas turbino op- 
eration, with rospect to turbino blades, is that of develop- 
ing a blade capable of withstanding high atrossos in a 
region of high temperatures. S 4 nco there are today many 
hundrods of turbines operating, it is evident t!iat sor.o suc- 
cess has boon net in this development. 

Thero is very little which can be done to reduce 
the stresses assooiatod with the contrifugal forces of the 
high spoed turbine. It is also highly dosirablo to operate 
theso turbines at the highest permissible limits of tenpora- 
turc. Therefore, cool'ng of the turbino blades by 3ono out- 
side means ha3 boan under considerable investigation re- 
cently, as a method of permitting higher turbine gas temper- 
atures. Some of tho advantages which nay accrue from ef- 
fective blade cooling are inureaaod power, prolonged blade 
life, and use of less critical and expensive materials in 
blade construction. 

This report describes the static tost of a turbino 
blado modol which was desired to give high economy of cool- 
ing air by using tho air as a protective layor between tho 
blade body and a covering metal sleeve. 
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i ;.jxkip7io!» of Tilt Buu’. -Q inkin' 

Fi 0 . (1) shown a sketch of the turbine blade 
nodol, and Fig. (14) shows a photograph of the blade with 
tho covering metal sleeve attached. The blado was ract-incd 
fron mild steel, ho attempt was made to give a twist to 
the blace, and for simplicity of lathe machining, tho ail — 
foil surface was formed of two circular arcs filleted as 
seen in Fig. (l). The grooves are .025 inches doepj tho 
sloove is .033 inch rolled black iron sheet. The materials 
used wore choson because of their ready availability and 
nachinability. The sloove was fornod around tho blade, 
and attached with counter-sunk rivets and screws, which 
wore ground off to bo flush with the surface. Total sur- 
face area of tho blade was 33.3 sq. in. Slade height was 
4* inches. 



.-.lovon holes for iron - constantan thermocouples 
wore drilled about one-third of tho depth of tho blade. 
Only soven of these positions wore employed in the tests. 

!>oat care was exercised in drilling tho snail 
one-s5xtoenth inch holes from tho leading edge to tho rain 
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cooling air duct , for misalignment of thoso holos could 
causo maldistribution of cooling air to the grooves on 
each surface. 

Tho tost soction containod two uncoolod blados 
similar to the test blade, and ia show- schematically in 
Fig. (2). A photograph of this section is given in 
Fig, (13). The test blado wan mounted on a pedestal ar- 
rangement to allow it3 oa3y insertion into the tost section 
between the two uncoolod blados. Tho blades, with the sur- 
faces of the test soction, fornod a casoade, making tho 
flow turn an angle of about sixty -four decrees. Laoh un- 
oooled blade had a thermocouple inetallod near its loading 
odgo. 



Tho tests wero run in an especially designed Gas 
Turbine Test Coll in tho -.ochanical .n inocrin.j building 
of tho University of Minnesota. Th© photograph of Tig. (12) 
shows the control panel, and fig. (ll) shews tho test coll 
interior. There was a Lycoming Podel 0-435-T air cooled 
engine, rated at 1C2 IIP at 2000 HHI driving an nir compres- 
sor, which was a 7.48 : 1 gear ratio supercharger from an 
Allison V-1710 aircraft engine. The air delivered by the 
supercharger to tho large manifold was ducted to tho con- 
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bustion chamber of a single Allison J33-A-17 turbojet online 
burner. Combustion was started by a sporJc-ignitod acoty- 
lono flane, and combustion temperatures wore controlled by 
the burner fuol punp by^as, for regulating fuol flew, and 
by the Lycoming engine throttle, which deterninod engine 
HPU, hence superotorgor flow rate, hunber or.o diesel fuol 
was used in the combustion, chamber. 

The teat blade was located in the tost section 
about eleven end one -to If inches downstream of the combus- 
tion chanbor exit. 

All thermocouples usod wore iron - constantan, 
and wore read or. a Brown Recording » otentionetor having a 
soale from 0 - 1G0D° F. 

Cooling air was supplied from the compressed air 
system of tho Mechanical hngineoring building. Pumping 
capacity of the cystor. was groater than tho maximum flow 
rate usod, and tho supply was available at all titles bc- 
tweon. 80 and 100 psig. Cooling air flow rato was dotorninod 
from a Fischer and Porter "Flowrator" with a tube sire 
# 5A-25. Cooling air initial temperature was neasurod by 
thermocouple. 
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Air flew to the burner was noa3iirc<l at an orifieo 
on the Intake aide of the engine-driven compressor. The 
orifieo was 5.G inches diameter, in a circular duct ol e -ht 
inches in diameter. btatic prosoure taps wore ir.stallod 
one dianoter upstroan and one-half diameter downstream of 
the orifice. 

Fuel flow to the burner was measured on a fuel 
"Flowrator" tubo GA-GO, nounted on tho control panel. 

Tonporature and prossure v/ero measured in the 
tost section four and ono-!ialf Inchos upstroan of the tost 
blados. A total preesuro tubo na<i a static prossuro tap 
were employed, and a shielded total temperature probo 
housod an iron - constantan thornocouplc. This tomroraturo 
prolje read consistently lower than the uncooled blades of 
tho te3t section, however, so it was considered of valuo 
only a3 a "reference" tonporature. At a constant burner 
air flow, ar.y desired temperature could be obtained and hold 
constant with - 5° F. on this "reference" probo by control- 
ling the burner fuel flow. 
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II TSST FilOCEDU?.-, 

Tost proooduro was simple. Reference temperatures 
of GOO° F., 1000° F., 1200° F., and 1420° F. were successive- 
ly obtained on the shiolded temperature probe. At oach ref- 
orenco temperature the flow of cooling air was varied, and 
readings wore taken of all inctrunontati on as shown in Table 
I. Great care was exorcised in ordor that equilibrium bo 
reached with oach nor; rate of cooling air flow before read- 
ings were taken. A curve is shown in Fig. (7) for a tenper- 
ature-ti-TO check on thermocouple £5 at roferonco tempera- 
ture of 1420° F., and the final point of this curve agrees 
with the roading token at the boginning of that series of 
runs, shewing that the procodure used was satisfactory . 
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III DISCUSSION OP RISUL7S 



(a) Results of tho present invosti nation 

The data are tabulated in Table I* Pigs. (3), 

(4)* (5), and (s) show plots of tho recorded temperatures of 
all thermocouples on tho tost blade vs the woight rate of 
cooling air flow as determined from the "Flcrsrrator", and 
represent graphically the results of the tests. It ray bo 
noted from the figuros that at each roforence temperature 
thoro van 0 carlced blade tenperaturo reduction for each 
thermocouple location, ho thermocouples wore located for- 
ward of tho main coolin 0 air duct because of space limita- 
tions. Thermocouples 1 and ?. consistently road very 
noarly tho same tomporaturo j a natural result since thoy 
wore both noar tho duct of incoming cooling air. Tempera- 
tures of the points on the concave side of the blade (©van 
nurbored points) road slightly lowor than thoao on tho 
convex eldo, possibly because of greater resistance to 
flow in the longer groovos of tho convex side, which my 
havo caused less coolin u air to flow in thoso groovos. 

The distribution of tenperaturo along tho blade 
finds the hottost part at the trailing edge, tho ooolost 
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part at the incoming air duct near tho leading edge, with a 
maximum ter.peraturo difforonco between hot and cool points 
of 300° F. The temperature of the cooling air rose as it 
was heatod in its passage along the grooves. 

Thermocouple „ 5 was chosen as a representative 
point for comparison of terporaturo reductions at different 
air flows and uncooled temperatures, for it represents a 
point rocovod from tho great cooling near the leading edgo, 
and is near the hotter point of tho trailing odgo. Fig. (C) 
shows a plot of temperature reduction vs cooling air flow 
for this thermocouple at various reference temperatures of 
tho hot gases. It was found that temperature roduction in- 
creased with flow rat© of cooling air, but that after q 
point, tho rate of this Increase was small. 

An interesting cross-plot of Fig. (8) is shown in 
Fig. (9) as a set of curves of temperature roduction vs un- 
cooled temporature, for tho various rates of cooling air 
flow. This cross-plot shows that for tho region of the 
tests the temperature reduction at a given weight rato of 
cooling air flow increased almost linearly with tho uncooled 
temperature. If this linearity holds into regions of higher 
temperatures, a very rewarding employment of cooling air 
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night be experienced In the neighborhood of 2000° ?. and 
ovor. 



Fig. (10) shows the temperature distribution 
along the blade at 1420 ° F. roferenco tomporaturo, vdth 
various ratos of cooling air flow. T!iis figure picturoc 
a trend alroody mentioned - increasing temperatures toward 
the trailing edge as the oooling air is heated up. Tho 
close agreomont of the temperatures along the two surfaces 
is an indication that no major distribution errors in the 
cooling air flow occurod between tho two grooves. 

tfhile no data were taken to permit calculation 
of tho sleeve temperature, it was not considered that tho 
sleeve will bo a critical part of the blade with rogord 
to temperature, because the amount of blado cooling present 
makes it obvious that a sizeablo heat transfer is going on 
betwoen the hot ^asses of combustion and tho sleevo; for 
this condition, to occur, there must be a largo tenperaturo 
gradient betwoen tr.eso hot gacos and tho sleevo. Further- 
more, in a turbino, tho sleevo os constructed would not have 
to carry centrifugal stress loads a3 high as tho blade body 
because of its several support linos furnishod by the lands. 
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(b) Comparison with other investigations 

Since tho blade model tested was largo compered 
to turbine bledos normally used in airoraft engiros, a 
method for comparing the cooling required was considorcd 
in order to evaluate the results in torns of other investi- 
gations concerned with air-coolod turbino blades for air- 
craft. Tho heat flow equation Q * hAAT was used for this 
purpose, and tho blade si 20 used for comparison was tho 
J33 turbino blade, having an area of about 14,3 sq. in. 

Test Blade area was 33.3 sq. in. 

In the heat flow oquation, tho variables to bo 
considered were the filn heat transfer coofficiont, "h" , 
from the hot gases to the sleevo, and tho blade area, A. 

Tho same AT was considered for both sises of blade, and 
the ratio of heat flats to each blade was ostinatod. It 
was assumed that the rato of cooling air flat roquirod 
would be proportional to the rate of boat flow to the 
blado sloovo. 

For the test blade: = h^AjAT 

For blado of 13.3 sq. In.: Q 2 = hgAgAT 

and Q 1 /Q 2 * ( h iA>2) x Uj/Ag) 
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Proa Kof. (f), pa^e 10G, a relation for tho filer, 
heat transfer coefficient, h, is ci v ® n for plane surfaces, 
and was assumed to hold approximately for tho sloeve sur- 
fs oe: 

h » .055 (k A) C.)* 75 , whore 

k s heat transfer oooffioiont of tho gas 
L = representative lor.cht 
N ■ Reynold's numbor 

Substituting, the relation for M h" into tho ex- 
pression for heat flow ratio, 

Ql/Qo ■ (Ai/A 2 ) (Lg/Ll) (Lil^)* 6 

A heat flow comparison was node between tho tost 
blade and a t oomotrically similar blade to it, but which 
had the sane area as tho J33 bladot 

Qi/Q 2 3 2.05 

It was then assuned that tho larger tost blade 
had required 2.05 times as t.uch air for coolln u as the 
smaller blade would have required. There was then a basis 
for a rou^h comparison of weight of cooling air to i£ht 
of combustion air. 



On a JS3 ennlne thoro are 14 burners of the type 
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cnployod in the tests, end there aro 54 turbine blades hav- 
ing firons of about 14.0 sq. in. each, oo that it was cal- 
culated if the 54 blac .03 of the J33 were similar to tho 
tost blade, and air-coolod as the test blade; at an ongir.o 
airflow fourteon tines that of the tests, and a temperature 
of abour 1420° F, at tho turbine inlet, the cooling condi- 
tions found in tho toat blade would be found in the snallor 
blades at cooling airflows of .407 those of the test blade. 

Using the raxinuo flow rate of cooling air, 1.204 
lb/nin, which was employed in the test blade at 1420° F. 
reference temperature, it was seen that tho smaller blades 
should have boen using a total of .520 lb/seo of cooling 
air, and that the ratio of cooling air weight to combustion 
air woight would be l.G7,t. The temperature reduction would 
have been the sar.o as for tho test blade, according to the 
proceeding calculations. 

Care must bo taken not to accept the above compar- 
isons as having boon proved by these tests, howevor, tho 
comparisons do indicate that excellent rosults ray be ex- 
pected by use of tho test blcido cooling configuration on 



actual turbine blades 



^ tt • 

- *# - ■» •* *■ .• " 1 * y 

-im I r. • I- . ‘ • * e = 

4 »' i « - ' * • 

-r * ** ' * 

• _ * » 

.•I ._r« »• M.I 1 ” . l •• 1 •!« • --•♦'■ 

Mn.l ,-»•« «*i » wi M i ^ 

,1 ’ J os»; « • • •■• • *•• • • > ♦ • > - • ••*' ••'»>. * ■ - 

4. I*** V . : -- , ~ a-^. , — > -* -■# 

#9 *r *•* %> .‘W <** |il* 

* • * i «/ < • * • • •« < . - « — » i 1 «4 















•-■ 4- * _ r . r » * J •»* •• * • * *-.’*1 

. j •*&• : »- **•* 



- 15 - 



Table II shews the results of several investiga- 
tions on air oool’ng of turbine blade models* It is coon 
that the blade model of the present investigation shews 
excellent poasibilitiec with regard to tomperature reduc- 
tion of blade, and weight ratio of coolin air flow to 
burner air flow. 
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The following conclusions hava boon drawn from 
the tests conducted on the horizontally grooved air cooled 
turbine blade model with covering total sleevos 

1. At combustion gas temperatures of about 1420° 
F., a teaporaturo reduction of 030° F. was experienced near 
the trailing edge, and a reduction of 830° F. was found 
near the loading edge, for a cooling air flow rote compar- 
able to l.G7>C of combustion air. 

2. Tho blade configuration tosted possessed ex- 
cellent cooling characteristics and showed an econory of 
cooling air use compared to data on other cooling configura- 
tions . 



3 . Greater temperature reductions wero found at 
hi$i gas temperatures than at low gas temperatures, with 
constant rate of cooling air flow. The rate of increase of 
temperature reduction with gas temperature increase appeared 
to be linear over the ran^e tested. 
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Sketch of Body of Grooved Turbine Blode Model 



Fig. 2 



Line Sketch of Test Section Showing Static 
Test Cascade and Location of Thermocouples 
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AP. JIDIX 

Tho ?~ach I.ucber in tho Test Section ahead of the 
blades and in tho flow about the blades was desired for 
reference purposes. 1 .easuremonts of P s and P Q in tho toot 
section were expected to give this information through the 
P 8 /?o ratio in the gas tables, interpolutod for a gamma of 
1.33 of tho combustion gases. 

The mass flow (neglecting weight of fuel) deter- 
mined from the inlet orifice should also provide a check 
on Mach number in tho tost section by application of 
w *y°AV, where^ 7 and A wore values at the teat section. 

Comparison of tach huabors determined by the two 
methods did not chcrw agroement, so the run of Table III was 
made to chock prossuro values. The achs as determined 
from this second table still did not agree with th© 'acts 
as determined from the rass flow for the runs. Cause of 
disagreonent was sought. 

All prossuro leads had been thoroughly cheated 
for lo&ks before attachment to tho test section. It is notod 
that total prossuro agrees with measurements takon in tho 
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first set of runs, static pressure agreed — but this a ree- 
oent was at zoro reading. It is considered tliat static 
pressure should havo increased somewhat as fuol flow in- 
creased — it woo therefore docided that the P g reading 
was in error, and tliat a lealr must have ojeurred at the 
point of attachment. .0 pressure chec for loak3 was cade 
at this point because of its position within tho tost sec- 
tion. 



Further consideration showed that in viow of tho 
apparent dependability of tho total pressure readings the 
? 8 could bo determined by simultaneous solution of tho ness 
flow relations and the pressure ratio relations for tho 
hach humbor in the Test section. This solution was porforr.od 
graphically, and the results given below: 



T y i ach "ucibor at Test beotion v ach Hunoer Around Dladoo 



800° F. 


.205 


.400 


1000° F. 


.204 


.435 


12000 p. 


.293 


.400 


1420° F. 


.314 


.49 



Lach liunber around tho blado3 xiaa dotornined fron 
tho area relation of tho test section cross soction (23 sq. 
in.) to tho aroa presented for flow in tho cascnbo (15.75 

sq. in.). 
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